The low-energy neutrino physics constraints on the TeV scale type I see-saw scenarios of neutrino mass generation are revisited. It is shown that lepton charge (L) violation, associated to the production and decays of heavy Majorana neutrinos Nj having masses in the range of Mj ∼ (100 ÷ 1000) GeV and present in such scenarios, is hardly to be observed at ongoing and future particle accelerator experiments, LHC included, because of very strong constraints on the parameters and couplings responsible for the corresponding |∆L| = 2 processes. If the heavy Majorana neutrinos Nj are observed and they are associated only with the type I mechanism, they will behave effectively like pseudo-Dirac fermions. Conversely, the observation of effects proving the Majorana nature of Nj would imply that these heavy neutrinos have additional relatively strong couplings to the Standard Model particles or that light neutrino masses compatible with the observations are generated by a mechanism other than see-saw (e.g., radiatively at one or two loop level) in which the heavy Majorana neutrinos Nj are nevertheless involved.
Introduction
Neutrino oscillation experiments [1] have revealed undeniable evidence for flavour nonconservation in the lepton sector. Flavour neutrino eigenstates, ν ℓL (ℓ = e, µ, τ ), oscillate, changing their lepton flavour quantum number [2, 3] , due to non-zero neutrino masses and neutrino mixing. The latter is parametrized by the well known Pontecorvo-Maki-NakagawaSakata (PMNS) neutrino mixing matrix [4] .
All present neutrino oscillation data can be described assuming 3-flavour neutrino mixing in vacuum. The number of massive neutrinos can, in general, be bigger than 3, if, for instance, there exist right-handed (RH) sterile neutrinos [5] and they mix with the left-handed (LH) flavour neutrinos. It follows from the existing data that at least 3 of the neutrinos must be light, with masses m 1 = m 2 = m 3 , m 1,2,3 ∼ < 1 eV and at least two of the m j different from zero. At present there are no compelling experimental evidences for the existence of more than 3 light neutrinos.
The smallness of neutrino masses, m j /m e 10 −6 , where m e is the electron mass, suggests the presence of a new fundamental scale in particle physics and thus to new physics beyond the Standard Model (SM). Among the possible extensions of the SM which can explain neutrino mass generation, a well known proposal is the see-saw mechanism [6] . In its simplest formulation, the type I see-saw scenario, at least two "heavy" SU (2) L × U (1) Y singlet RH neutrinos ν aR are introduced in the theory. Within the see-saw framework, the latter are assumed to possess a Majorana mass term as well as Yukawa type couplings with the Standard Model lepton and Higgs doublets.
Below the electroweak (EW) symmetry breaking scale, the light neutrino masses arise from the Lagrangian:
where ν C aL ≡ Cν aR T (a = 1, . . . , k), C being the charge conjugation matrix, M N = (M N ) T is the k × k Majorana mass matrix of the RH neutrinos, and M D is the 3 × k neutrino Dirac mass matrix, which is generated by the matrix of neutrino Yukawa couplings after the EW symmetry breaking: M D = vλ, λ ℓa being the matrix of neutrino Yukawa couplings and v = 174 GeV being the v.e.v. of the SM Higgs doublet. The matrices M N and M D are complex, in general. A Majorana mass term m ν for the active left-handed neutrinos is indeed generated by the interplay between the Dirac mass term and the Majorana mass term of the heavy Majorana neutrinos. The well know see-saw mass relation is in this case:
In grand unified theories, M D is typically of the order of the charged fermion masses. In SO(10) theories, for instance, M D coincides with the up-quark mass matrix. Taking indicatively m ν ∼ 0.05 eV, M D ∼ 100 GeV, one finds M N ∼ 2 × 10 14 GeV, which is close to the scale of unification of the electroweak and strong interactions, M GU T ∼ = 2 × 10 16 GeV. In GUT theories with RH neutrinos one finds that indeed the heavy Majorana neutrinos naturally obtain masses which are by few to several orders of magnitude smaller than M GU T . The estimate of M N thus obtained is effectively based on the assumption that the neutrino Yukawa couplings are large: |λ ℓa | ∼ 1. The alternative possibility is to have heavy Majorana neutrino masses in the range of ∼ (100 ÷ 1000) GeV, i.e. TeV scale see-saw generation of neutrino masses. This possibility has been recently revisited by several authors (see e.g. [7] and references quoted therein).
Following the discussion reported in [7] , the low-energy neutrino physics constraints on the TeV scale type I see-saw scenarios are reviewed. In particular, it is analyzed in detail, within three different frameworks relying on the type I see-saw extension of the SM, the possibility of observing |∆L| = 2 processes at current and future particle accelerators, LHC included, due to the production and decays of the heavy Majorana neutrinos.
2. Non-unitarity effects, see-saw mechanism and (ββ) 0ν -decay Following the formalism developed in [7] , after the diagonalization of the full neutrino mass matrix in (1), the charged current (CC) and neutral current (NC) weak interactions involving the light Majorana neutrinos χ j with definite mass m j are
The unitary matrix U diagonalizes the light Majorana mass matrix,
In the basis in which the three charged lepton fields are equal to the respective mass eigenstates, U corresponds to the PMNS neutrino mixing matrix. The hermitian matrix η, therefore, parametrizes the deviation from unitarity of the neutrino mixing matrix due to the mixing of the flavour neutrino fields ν ℓL with the heavy RH fields in the neutrino mass Lagrangian (1). As shown below, η depends on a combination of the see-saw parameters responsible for lepton flavour violating processes. Notice that in deriving the expressions of the CC and NC weak interactions it is implicitly assumed that η ij ≪ 1. Indeed, for SM singlet fermions with masses above the EW symmetry breaking scale, i.e. bigger than ∼ 100 GeV, the combined data on neutrino oscillation experiments and EW interaction processes provide the upper bound [8, 9] :
The charged current and the neutral current interactions of the heavy Majorana neutrino mass eigenstates N j with W ± and Z 0 formally read [7] :
where the unitary matrix V diagonalizes the RH neutrino mass term in (1) ,
The experimental limits on the deviations from unitarity in the neutrino mixing matrix affect the couplings (RV ) ℓj . Indeed, in this class of models [7] :
It is important to remark that, apart from non-unitarity effects, further constraints on (RV ) ℓj and/or a particular combination of them can be obtained at low energy considering i) the scale of the symmetric matrix
resulting from the seesaw mechanism of generation of neutrino masses, and ii) from the experimental upper bound on the effective Majorana mass, |(m ν ) ee | [10] , which enters in the expression of the (ββ) 0ν -decay rate of even-even nuclei (see e.g. [11, 12] ). Indeed, for the heavy Majorana neutrinos N k with masses M k ∼ M R ≥ 100 GeV, barring "accidental" cancellations or extreme fine-tuning (at the level of ∼ 10 9 ), the constraint i) implies:
The estimate of |(RV ) ℓj | thus obtained makes the heavy Majorana neutrinos N j practically unobservable at particle accelerators (see e.g. [13] ). In order for the CC and NC couplings of the heavy Majorana neutrinos N j to W ± and Z 0 , eqs (4) and (5), to be sufficiently large, that is |(RV ) ℓj | ≈ 10 −2 , so that the see-saw mechanism could be partially or completely tested in experiments at the currently operating and planned future accelerators (LHC included), the small size of the m ν matrix elements should be due to strong mutual compensation between the parameters that enter in the see-saw mass relation. In general, such cancellations arise naturally from symmetries in the lepton sector, corresponding, for instance, to the conservation of some additive lepton chargeL (see, e.g. [11, 14, 15, 16] ). In the limit in whichL is exact, the RH neutrinos ν aR (a = 1, . . . , k) should be Dirac particles, which is possible for all heavy neutrinos only if the number of the RH singlet neutrino fields is even: k = 2q, q = 1, 2, . . .. If their number is odd, barring again "accidental" cancellations, some (odd number) of the discussed heavy Majorana neutrinos will have strongly suppressed couplings to the W ± and charged leptons and will be practically unobservable in the current and the future planned accelerator experiments. The resulting mass spectrum will depend on the assumed total lepton chargeL. Indeed, if L i (i = e, µ, τ, . . . , k) are the ordinary lepton charges of the fermion fields, in the basis in which the charged lepton mass matrix is diagonal, the conserved lepton chargeL takes the general form:
where n i = 0, 1 and a i = 0, 1 for i = e, µ, τ, . . . , k, with at least one a i = 0. In this case, it can be shown [14] that the number of massive Dirac neutrinos and massless neutrinos in the theory is, respectively, min n + (L), n − (L) and n + (L) − n − (L) , where n + (L) (n − (L)) is the number of ordinary lepton charges in (7) which enter with the plus (minus) sign. The correct light Majorana neutrino mass spectrum can be generated by small perturbations that violate the corresponding symmetryL. In this case, each massive Dirac neutrino is split into two Majorana neutrinos with close but different masses, i.e. the Dirac neutrinos become pseudo-Dirac fermions [17, 18] . Typically, for |(RV ) ℓj | ∼ 10 −3 (10 −4 ), the expected splitting between the masses of the two heavy Majorana neutrinos forming a pseudo-Dirac pair, is roughly 1 (100) MeV for masses of the order of 100 (1000) GeV. Such small mass difference will not be observable at LHC and planned future accelerator experiments, thus preventing any possible experimental test at collider of the Majorana nature of the heavy Majorana neutrinos of the type I see-saw mechanism.
The other low energy constraint to the see-saw parameter space, strictly related to the Majorana nature of the heavy and light Majorana neutrinos, is provided by (ββ) 0ν -decay experiments [10] . In this case, in addition to the standard contribution due to the light Majorana neutrino exchange, the (ββ) 0ν -decay effective Majorana mass |(m ν ) ee | receives a contribution from the exchange of the heavy Majorana neutrinos N k :
where F (A, M k ) is a known real (positive) function of the atomic number A of the decaying nucleus and of the mass M k of N k [19, 20, 21] . For the range M k ∼ (100 ÷ 1000) GeV of interest, one has with good approximation (see, e.g. [20, 21, 22, 23] 
, with M a ≃ 0.9 GeV and f (A) ≃ O(10 −2 ).
The case of a broken lepton chargeL
It is shown in the following that, within the type I see-saw scenario of generation of light neutrino masses, if m ν = 0 arises as result of the breaking of a global symmetry corresponding to some conserved lepton chargeL, the Majorana nature of the heavy Majorana neutrinos could be hardly tested at collider physics. As stated before, the reason is that if the heavy Majorana fields involved in the see-saw mechanism of LH neutrino mass generation, have couplings to charged leptons and weak gauge bosons sufficiently large to produce and observe them at collider, they would behave effectively as a pseudo-Dirac fermion and all lepton number violating processes, e.g. same sign di-muon production in proton-proton collisions, would be strongly suppressed. Consider for simplicity the case of three RH neutrinos ν aR (a = 1, 2, 3) and a conserved lepton [7] ). A possible choice of the Dirac and Majorana mass matrix which preservesL is:
where, without loss of generality, all the parameters in M D and M N are taken real and positive. As a consequence of the simplifying choice made, m D ℓ1 = 0, l = e, µ, τ , the Majorana field 
The light neutrino mass scale, m 3 − m 2 1 eV, imposes strong constraints on the symmetry breaking parameters. More explicitly, for M 23 ≈ 100 GeV one has: |m D ℓ2 m D ℓ ′ 3 | ∼ < 10 −7 GeV 2 (ℓ, ℓ ′ = e, µ, τ ). Because of the small mass splitting ∆M , the heavy Majorana neutrinos N 2,3 effectively behave in the collider physics as a pseudo-Dirac fermion
Consider now the process of same sign di-muon production in proton-proton collisions, assuming that one of the muons, say µ − , is produced together with real or virtual N 2,3 in the decay of a virtual W − , while the second µ − originates from the decay N 2,3 → W + µ − , with virtual or real W + which decays further into, e.g. two hadronic jets. In order to collect a sufficiently large number of events, it is necessary to have sizable couplings of the heavy Majorana neutrinos to the muon field. The latter can be easily computed [7] ≈ 100 eV, due to the constraint which arises from the small neutrino masse scale (see the discussion above). The relevant part for the amplitude of the process under discussion is [7] :
.
Taking into account that
, it is easy to show that the amplitude for this lepton number violating process is proportional to the factor ∆M/M 23 . As discussed previously, in the pseudo-Dirac scenario of interest, which is consequence of an almost conserved lepton charge present in the theory, the heavy Majorana neutrino mass splitting is strongly bounded by the light neutrino mass scale, ∆M 1 eV, thus making the same sign di-muon production at LHC unobservable. N M T D = 0 and, therefore, the tree-level constraints on the see-saw parameter space from the light neutrino mass scale do not apply here: light neutrino masses, compatible with neutrino data, can be generated at higher order (one or two loops). This in turn could lead to sufficiently large N 2,3 production rates at LHC to make the observation of the two heavy Majorana neutrinos possible. Indeed, in such scenario ∆M = M 3 − M 2 = M 33 and, in principle, one can observe the same sign di-muon production at LHC for a sufficiently large mass splitting (see eq. (10)). Anyway, it should be clear from the preceding discussion that all |∆L| = 2 Majorana type effects should vanish in the limit of M 33 = 0.
As discussed before, in such class of models, the heavy Majorana neutrinos might provide a sizable contribution to the (ββ) 0ν -decay rate. Indeed, from eq. (8), neglecting the standard
